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Interactions of polynucleotides and their components 
IV. Acid denaturation of polyadenylic-polyuridylic complexes * 
J . C L A U W A E R T 
Laboratorium voor Fysiologische Scheikunde, Rijksuniversiteit Gent (Belgium) 
(Z. Naturforsch. 23 b, 454—162 [1968] ; eingegangen am 1. August 1967) 
Interactions between A and U and between A and A were studied by spectrophotometric titra-
tions in the acid pH branch. Titrations of the 1 A —1 U solutions have shown that, at higher ionic 
strengths ( co>0 .1 ) , there occurs first a conformational transition of the ( A + U ) form to the 
( A + U + U ) form in the pH range 5.2 to 3 .8: only at lower pH one has the dissociation of ( A + 
U + U) to the components. A phase diagram, showing the stability conditions of the different A —U 
structures as a function of ionic strength and pH was drawn. 
By comparing the alkaline and acid dissociations of 1 A —1 U and 1 A - 2 U solutions, the pK 
values of A can be determined: several expressions for this determination can be proposed de-
pending on the extent to which the cooperative dissociation of ( A + U ) is influenced by the co-
operative formation of ( A + A ) from A. The results suggest that, in contrast to U, the polyelectro-
lyte character of the polynucleotide, originating from the phosphate backbone, cannot account for 
the pK shift of the adenine residue of A. A knowledge of the dissociation constant of the adenine 
residue is useful in calculating the interaction energy of ( A + A ) . A undergoes a-sharp conforma-
tional change on titration with acid in the pH range 6.1 to 5.6, which has been interpreted aä a 
A —A interaction with formation of a ( A + A ) helical structure. By comparing the transition pH of 
( A + A ) with the dissociation constant of the adenine residue, it is possible to calculate the free 
energy change of ( A + A ) formation by use of the relation AF — — 2,3 R T Ap K. A qualitative 
comparison of the determined AF values with the calorimetric enthalpy changes suggests that 
A—A interactions are characterised by small entropy changes. 
The studies of thermal, alkaline and acid denatu-
ration of natural and synthetic polynucleotides have 
yielded useful information about the nature and sta-
bility of nucleic acid interactions 1 - 7 . From spectro-
photometric studies of A —U solutions at several 
ionic strengths, temperatures and relative propor-
tions of A and U, the stability conditions of the 
various A — U structures have been determined8. 
Furthermore the alkaline dissociation of A — U com-
plexes has been analysed quantitatively in order to 
get information about the thermodynamic basis of 
these interactions 1 - 3 '9 . The acid dissociation has 
* Abbreviations: A : polyriboadenylic acid; U : polyribouri-
dylic acid; C: polyribocytidylic acid; x A — y U : a solution 
containing x equivalents A and y equivalents U ; A — U : 
solutions of (or complexes between) A and U without stoi-
chiometric or structural specifications; ( A + U ) : the two-
stranded complex of the homopolymers A and U in a pro-
portion 1 :1 ; ( A + U + U ) : the three-stranded structure 
containing one A and two U chains; ( A + A ) : the two-
stranded aggregate containing two A chains; ( C + C ) : the 
two-stranded aggregate of two C chains; u>: ionic strength 
= molar concentration of NaCl. 
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so far only yielded qualitative data about the stabi-
lity zones of various A — U complexes in the presence 
of (A + A) 4 . In the present investigation, we have 
drawn a parallel between the alkaline and acid de-
naturation of A —U complexes in order to obtain 
quantitative results about the pK values of A from 
the acid denaturation. 
Experimental 
The materials that have been used and the spectro-
photometric titration method have been described pre-
viously 10. 
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Results 
The alkaline branch of the spectrophotometric 
titration curves of A — U complexes may be com-
pared directly with the alkaline dissociation branch 
of U from which the free energy change of A — U 
aggregation can be determined 1 - 3 ' 9 ' 1 0 (fig. 1) . 
The acid titration curve is quite intricate and not so 
readily interpretable because dissociation of the 
A —U complexes is accompanied and perhaps in-
fluenced by (A + A) formation. 
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Fig. 1. Spectrophotometric titration curves at a> = 0.3 to alka-
line pH values of 1 U (curve 1), a 1 A — 1 U (II) and a 
1 A - 2 U (III) solution. 
The results about the acid dissociation of A —U 
complexes are given in fig. 2. The dissociation curve 
of the 1 A — 1 U solution at co = 0.3 is typical for 
all acid dissociation curves at ionic strengths higher 
than 0.1. From spectral changes in the pH range 5.0 
to 4.0, it can be deduced that we have first a struc-
tural transition which cannot be explained as a dis-
sociation of (A + U) to the component polynucleo-
tides. In order to get more information about the 
nature of this structural change, spectrophotometric 
Fig. 2. Spectrophotometric titration curves to acid pH values 
of 1 A - 1 U (curve I), 1 A - 2 U ( I I I ) , 1 A (V) a n d 2 A - l U 
(IV) solution at co = 0.3 and of a 1 A + 1 U solution at w = 
0.06 (II). 
titrations to acid pH values have been performed 
at co = 0.3 of 1 A - 1 U, 1 A - 2 U, 2 A - 1 U and 
A solutions and at a) = 0.06 of a 1 A — 1 U solution. 
Several conclusions are obvious. The structural 
change found in the pH range 5.0 to 4.0 only occurs 
for 1 A — 1 U solutions of higher ionic strengths; the 
1 A — 2 U solutions lack it in this pH range but 
dissociate to the component polynucleotides at the 
same pH as the 1 A — 1 U solutions; a 1 A — 1 U 
solution of lower ionic strength (co<0.1) also lacks 
that specific spectral change. There is a complete 
analogy between acid dissociation and thermal dis-
sociation of 1 A — 1 U solutions 8. When preparing 
1 A — 1 U solutions of moderate and higher ionic 
strengths at room temperature, a few percent of 
poly A and poly U is complexed into (A + U + U) 1 2 
so that in a 1 A — 1 U solution of moderate or high 
ionic strength we always deal with the presence of 
a small amount of free poly A; this leaves the pos-
sibility that the spectral changes in the pH range 
5.0 to 4.0 may be due to (A + A) formation from 
free poly A. The titration curves of A and 2 A — 1 U 
solutions invalidate this supposition: a A solution 
shows a spectral change at higher pH which is due 
to a (A + A) formation 1 3 - 1 5 ; a 2 A — 1 U solution, 
containing (A + U) and an equivalent quantity of 
free A, shows two transitions: at a higher pH the 
free A interacts to form (A + A), the remaining 
(A + U) showing the same structural change as a 
1 A — 1 U solution. 
These findings suggest that the spectral changes 
of the 1 A — 1 U solutions of higher ionic strengths 
in the pH range 5.0 to 4.0 originate from the transi-
tion 2 (A + U) (A + U + U) + 72 (A + A). At pH 
7.0 and ionic strength 0.3 mixing curves of 1 A — 
1 U solutions with an equivalent of U confirmed this 
by showing strong hypochromicity and we obtained 
the spectrum of (A + U + U) ; mixing of 1 A — 2 U 
with an equivalent of U yielded no spectral changes. 
At pH 5.0, the same results have been obtained. 
When mixing at pH 3.8 a 1 A — 1 U solution with an 
equivalent U, no spectral changes are observed: this 
confirms the hypothesis that, starting from a 1 A — 
1 U solution, the transition 2 (A + U)-> (A + U + U) 
+1/2 (A + A) occurs when the pH is lowered to 4.0. 
The spectral changes arising by mixing poly A 
and poly U in several proportions and by heating 
1 A — 1 U and 1 A — 2 U solutions made it possible 
to select several appropriate wavelengths for study-
ing the interactions A + U (A + U) or (A + U) + 
U - > (A + U + U) 8 ' 1 2 . They cannot be used in our 
study of acid dissociation of A + U mixtures be-
cause we probably also deal with the interaction 
2(A + U ) - * ( A + U + U ) + A ^ ( A + U + U) + 
7* (A + A) . 
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The spectral changes due to the interaction A - > 
72 (A + A) compete with those due to the transition 
2 (A + U) (A + U + U) + A and the individual 
contributions cannot be determined with sufficient 
accuracy. 
The results of the acid denaturation of A — U 
solutions at 20 °C and several ionic strengths are 
summarised in table 1. We have the transitions 
2(A + U) -> (A + U + U) + »/«(A + A) at P H 0 , 
(A + U) 72 (A + A) + U at pHsi and 
(A + U + U) ->V 2 (A + A) + 2 U a t P H s 2 . 
In order to deduce the pK of A from the acid 
dissociation studies of A — U complexes, we needed 
information about (A + A) formation. A is known to 
undergo a structural transition in aqueous solution 
as a function of pH: at neutral pH it is believed to 
be a flexible one-stranded helical structure with 
stacked bases and lowering the pH would result into 
the formation of (A + A ) 1 6 - 2 0 . From Potentiometrie 
and spectrophotometric titration studies a two step 
reaction scheme has been proposed: at first pro-
tonation of a fraction of A takes place: A + H®—> 
AH®; following this a helical structure is formed 
between a protonated and a neutral A chain: AH® 
+ A — * (A + AH®). The ionic strength influences 
the transition pH of the single stranded to the 
double stranded structure: an increase in ionic 
strength results into a displacement of the transition 
pH to lower values. Table 2 gives the midpoint pH 
H® 
values of the transition A + A -—(A + AH®) at 
20 °C in function of ionic strength. 
Discussion 
Acid dissociation of A — U complexes 
It has been shown that in dilute solutions a 1:1 
mixture of A and U always leads to the formation 
of (A + U) at room temperature; by raising the tem-
perature of a 1 A — 1 U solution at higher ionic 
strengths, (A + U) is converted to (A + U + U) and 
A. From this a phase diagram has been drawn 
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showing the stability conditions of the various 
A — U structures in function of ionic strength and 
temperature starting from a 1 A — 1 U solution 8. It 
has been suggested that the free energy change as-
sociated with the formation of the single stranded 
ordered structure of A causes the conversion of the 
double stranded (A + U) to the three stranded (A + 
U + U) structure8. 
The spectrophotometric titrations to acid pH 
values of A — U solutions revealed similar transi-
tions. A lowering of the pH of a 1 A — 1 U solution, 
containing the (A + U) complex, at higher ionic 
strength and at room temperature promotes the 
transition 2 ( A + U ) - > ( A + U + U ) + A ^ ( A + U + 
U ) + 7 * ( A + A ) . 
The free energy change of the interaction A—> 
1/-2(A + A) is probably the driving force in the con-
version of (A + U) to (A + U + U). Here too a 
phase diagram can be drawn which deliminates 
stability conditions of the various A —U complexes 
in function of pH and ionic strength (fig. 3). The 
labilisation of A —U structures either by heating 
Fig. 3. "Phase diagram" of a 1 A—1 U solution at 20 °C in 
function of ionic strength and pH; ( A + U ) : stability zone of 
the ( A + U ) complex; ( A + U + U) : stability zone of the 
( A + U + U) complex; A + U : conditions of pH and ionic 
strength where the polynucleotides do not interact. 
the solution or by lowering the pH of the solution 
follows a parallel course. (A + U) breaks down at 
lower ionic strengths to the component polynucleo-
tides in these conditions. At higher ionic strengths, 
where (A + U + U) is stable, the labilised (A + U) 
system regains stability by its transition to (A + U 
+ U): the free energy change involved in A—*-1/2 (A 
+ A) perhaps influences the transition of the two — 
to the three stranded structure. When (A + U) is 
labilised by an increase in pH, the dissociation of 
I .1 
the H N ( 1 ) - C(6) = 0 groups of U makes the re-
organisation of the labilised two stranded into the 
three stranded structure impossible: accordingly, 
the study of the stability vs. alkaline dissociation 
of A —U structures is little troublesome and offers 
a most reliable tool to track stability conditions and 
the energetic basis for the formation of A — U struc-




Fig. 4. Spectrophotometric titration curves of 1 A and 
1 A —1 U solutions at a> = 0.1 and 20 °C to acid pH values 
and back titration curves; I: forward and back titration 
curve of 1 A solution; II: forward titration curve of a 
1 A —1 U solution and III: back titration curve of this 
1 A—1 U solution. 
pK values of A 
It was our intention to determine the pK value of 
the adenine residue of A. As a first approach to the 
problem, we may suppose that adenosine, incor-
porated into A, undergoes a similar influence from 
the polynucleotide backbone as uridine incorporated 
in U: this supposition is justified in so far as the 
ribose-phosphate backbone of the polynucleotide 
solely determines the electrostatic potential of the 
macromolecule. For U it has been shown that this is 
broadly the real situation21'22 but for A a base 
stacking has been accepted generally 19' 20' 23' 24 that 
may markedly influence the electrostatic potential 
of the polynucleotide. In spite of this, we can get a 
first approximation of the pK of A. Table 3 gives 
the pK values of A assuming that 
pK A — pK adenosine = pK U — pK uridine. 
This assumption is in keeping with the view that 
the phosphate backbone alone would determine the 
electrostatic potential of A. 
The acid dissociation of A — U complexes may 
thus be used to determine the pK values of A. Mix-
ing equivalent quantities of A and U at neutral pH 
yields (A + U). 
At this pH the free energy changes by AF0 when 
equivalent quantities of A and U are allowed to 
form (A + U). At lower pH values the NH2 groups 
of A contributing to (A + U) are not protonable 
in their normal range: (A + U) should first dis-
sociate before A can be protonated and the free 
energy of the (A + U) system increases by AF = 
AF0 + AFvrot where AFvrot represents the free ener-
gy increase of a protonable group, with dissociation 
constant K, that is kept unprotonated up to a hydro-
gen ion activity h. 
AFprot = 2.3 RT log ^ ^ = 2.3 RT (pK - pH). 
In the range of acid dissociation (A + U ) ^ 2 A + U, 
it is required that 
AF = AF0 + AFPTOt = 0 or AF0 = 2.3 (PHS-PK). 
Knowing AF0 and pHs, the pK can be determined. 
The AF0 values of the interaction A + U — ( A + U) 
or (A + U) + U - > (A + U + U) have been determined 
from spectrophotometric titrations of 1 A — 1 U and 
1 A — 2 U solutions towards alkaline pH values. So 
we suppose: pH of alkaline dissociation — pK of 
U = pK of A — pH of acid dissociation of (A + U). 
For (A + U + U), analogous relations can be de-
duced. 
By labilisation of (A + U) or (A + U + U) by 
lowering the pH a small amount of A is set free 
and complexes at once to (A + A) : the cooperative 
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formation of (A + A) may thus influence the co-
operative dissociation of (A + U). We have an ex-
perimental indication that this does happen indeed. 
The acid titration curves of A solutions are fully 
reversible. Starting from a neutral solution and 
lowering the pH we find at pH\ + A the transition 
50% 
A + A —2 (A + A) . Starting from a acid solution 
and increasing the pH we observe the transition 50 % 
(A + A) — * A + A at the same pH. The acid spec-
trophotometric titrations of (A + U) solutions are 
not reversible however4; at pHs we have the 
transition (A + U) A + U U + X/2(A + A). 
Starting from an acid solution a hysteresis is ob-
served since the dissociation of (A + A) must pre-
cede the formation of (A + U). We have */2(A + 
+ A) + U - ^ A + U ^ ( A + U). 
When the dissociation of (A + A) is not in-
fluenced by (A + U), formed from the free A and U 
of the solution, the back titration curve of the 1 A — 
1 U solution has to show the dissociation of (A + A) 
at the same pH, PHA + A? as the solution containing 
only A. When the dissociation of (A + A) is in-
fluenced by (A + U), the dissociation of (A + A) 
in a 1 A — 1 U solution has to take place at another, 
probably lower, pH. Spectrophotometric forward 
and back titration curves of A solutions in the acid 
region are reversible. The back titration curves of 
1 A — 1 U solutions show a hysteresis due to (A + A) 
formation at lower pH values, but (A + A) in the 
presence of free U, dissociates at a lower pH than 
a pure (A + A) solution, thus indicating that, start-
ing from an acid 1 A — 1 U solution, the formation 
of (A + U) accelerates the dissociation of (A + A). 
From this we may conclude as well that the dis-
sociation of (A + U) by lowering the pH of a 
1 A — 1 U solution will be influenced by (A + A) 
formation. 
We assume that in the aggregation of poly A, set 
free from (A + U) at lower pH, to (A + A) the 
same free energy change AF is involved as in the 
formation of (A + A) from a neutral solution of A 
by lowering the pH. The free energy change of 
(A + A) formation can be determined from the 
following relations: at neutrality we have a single 
stranded A chain; when (A + A) foimation occurs 
at the pK of A we have the free energy change 
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AF\ = AFQ; when (A + A) formation occurs at 
higher pH, a fraction of the free energy change has 
to be used to protonate half the A at a pH where it 
normally shows little or no protonation: 
AF A = AFq + AFPIOT where JFPROT = 2.3 RT(pH-pK). 
Starting from a neutral solution of A we have at 
the transition pH, pH\ + \: 
A + A ^ ^ (A + A) so that 
AF a = AFq + AFprot = 0 and 
AF0=-2.3 RT(pHA+A-pK). 
The free energy change of the interaction A + A —> 
(A + A) occurring at a pH ^ pK is given by 
AFA = 2.3 RT (pK - pHa+a) + 2.3 RT (PH - pK) 
AFa = 2.3 RT(pH — pHa+a) • 
At p H < p K we assume that AFA = 2.3 RT{pK -
PHA + A)- While (A + U) is dissociating we have 
A+U)->(A + U) AFLF 
A + A ^ ( A + A) 4FA , 
(A + U)->A + U - * 7 2 ( A + A ) + U AF = * I 2 A F a - A F v 
For the dissociation of (A + U + U) we have 
A + U (A + U) AFX 
(A + U ) + U - ^ ( A + U + U) AF2, 
A + A ^ ( A + A) AFA, 
(A + U + U)->A + 2 U - > 7 2 ( A + A ) + 2 U , 
AF=-AF1-AF2 + 1l2 AFa. 
AFX and AF2 have been determined from spectro-
photometric titrations of U, 1 A — 1 U and 1 A — 2 U 
solutions to alkaline pH values 10. The AFA values 
are given (at pH > pK) by z!FA = 2.3 i?T (pH -
P H A + A ) -
At the transition pH we have AF = 0: there is 
compensation between the free energy change 
— AFt or — AFX — AFo and the free energy change 
7 2 AF a' 
CO pHo ( ± 0 . 2 ) pHsi ( ± 0 . 0 5 ) pHS2 ( ± 0 . 0 5 ) 
0.01 5.12 
0.02 — 4.51 — 
0.03 — 4.35 — 
0.04 — 4.07 — 
0.08 — 3.71 — 
0.1 4.20 3 .40 — 
0.2 — — 3.09 
0.3 4.40 — 2.82 
0.4 — — 2.70 
0.6 4.40 — 2.60 
0.8 4.40 — 2.49 
1 4.40 — 2.35 
Table 1. Transition pH values of 1 A — 1 U and 1 A — 2 U 
solutions at 20 °C and several ionic strengths. 
From spectrophotometric titration studies to alka-
line and acid pH's (tables 1, 2, 3 and 4) we ob-
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Table 2. Transition pH values of A at various ionic 
strengths. 
CO p K p K ApK P K p K 
uridine poly U adenosine poly A 
1 9.11 9.33 0.22 3.70 3.92 
0.3 9.18 9.71 0.53 3.60 4 .13 
0.1 9.27 10.05 0.78 3.57 4.35 
0.03 9.32 10.42 1.10 3.53 4.63 
0.01 9.38 10.76 1.38 3.52 4.90 
Table 3. pK values of A in function of ionic strength derived 
from pK values of adenosine, uridine and U 21 
CO p K U A p H ; ̂  - A F p H s p K A 
1 9.33 0.87 + 0.59 2.35 3.81 
0.3 9.71 0.69 + 0.25 2.82 3.76 
0.1 10.05 0.48 3.40 3.88 
0.03 10.42 0.24 4.35 4.59 
0.01 10.76 0.04 5.12 5.16 
Table 4. pK values of A from acid and basic dissociations of 
( A + U ) and ( A + U + U ) . 
— ApK, representing the free energy change of 
the dissociation 
(A + U + U)-»-A + 2U ApK = 0.87 + 0.59 
— the acid dissociation pHs of (A + U + U) : 
p//s = 2.35 
— the pH A + a of the interaction A + A — 
(A + A) PHA + a = 5.55. 
The relations are: 
— the free energy change — AFX — AF2: 
at pH>pK of A: 
- AFX - AF2 = 2.3 RT (0.87 + 0.59), 
at pH<pK of A: 
- AFt - AF2 = 2.3 RT (0.87 + 0.59 + pH - pK) 
— the free energy change AFX: 
at pH>pK of A: AFa = 2.3 RT (pH - 5.55), 
at pH<pK of A: AF\ = 2.3 RT (pK — 5.55). 
For ft) = 1 we find the transition (A + U + U)-> 
72 (A + A) + 2 U at pH = 2.35. 
There are two possibilities: 
1. pH = 2.35 > pK of A, 
— AFL — AF2 = — AFa , 
2.3 RT(0.87 + 0.59) = 7« 2.3 RT (5.55 - 2.35). 
The experimental pH transition values are inconsi-
stent with this relation. 
2. pH = 2.35 < pK of A, 
2.3 RT (0.87 + 0.59 + 2.35 - pK) 
= 72 2.3 RT (5.55 — pK). 
From this we obtain pK = 2.07, a value which is 
conflicting with the supposition pH = 2.35 <pK. 
The assumption that the same free energy change 
is involved in both the formation of (A + A) from 
A, set free from (A + U) at lower pH values, and 
from a pure A solution in the same conditions is 
therefore contradicted by the experimental transi-
tion pH values of alkaline and acid dissociations 
of A — U complexes. This supposition involves that 
energetically the configuration of the single stranded 
A is the same as that of A belonging to (A + U) 
and must be rejected. 
Another supposition would be that when A, set 
free from (A + U), associates to (A + A) a quantity 
of free energy AF is liberated which is actually a 
fraction of the free energy change AF = 6-AFa , set 
free when (A + A) is formed from a neutral solu-
tion of A by lowering the pH. For 1 A — 1 U solu-
tions of higher ionic strengths we have two rela-
tions between the AF values: 
— in the pH range 5.0 to 4.0, transition from the 
two stranded to the three stranded complex 2 
(A + U ) ( A + U + U) + A - > ( A + U + U) + 
72 (A + A) 
— at lower pH values, the dissociation of (A + U 
+ U) to the component polynucleotides (A + U 
+ U)-> 2 U + A 2 U + 72 (A + A). 
In both cases we have the transition A — > 7 2 ( A + 
A). From the first relation we can determine the 
fraction coefficient d and from the second relation 
the pK of A. 
For the transition 2 (A + U) ̂  (A + U + U) + 
A-^-(A + U + U) + 7 2 ( A + A) 
A + U (A + U) AFX, 
(A + U) + U -> (A + U + U) AFO, 
A + A ^ ( A + A) AF a = 2.3 RT (pH — pHa+a) , 
2 (A + U) (A + U + U) +Vs(A + A) 
AF= — AFX + AF2 + 7 2 AFa. 
At the transition pH0 , we have AF = 0 or — AF1 
+ AF2 = 1/20 2.3 RT(pHA+ A - p H 0 ) , and <5 can be 
calculated (table 5). 
a) — AFi + AF2 PHa+A p H 6 
1 2.3 R T (0.28) 5.55 4 .4 0 .50 
0.6 2 .3 R T (0.35) 5 .64 4.4 0.55 
0.3 2 .3 R T (0.44) 5.77 4.4 0.65 
Table 5. The free energy reducing factor 5 of the interaction 
A + A — ( A + A ) determined from the transition of the two-
to the three stranded structure. 
From this the pK values of A can be calculated. 
At the melting pH of (A + U + U) to the component 
polynucleotides we have 
(A + U + U) + 7s(A + A) + 2 U . 
There is compensation between the free energy 
change of the dissociation (A + U + U) — A + 2 U 
(at p H < p K this value amounts to — AF — AF2 + 
2.3 RT (pH — pK)) and the free energy change AF \ 
of the interaction A + A ^ ( A + A) (at p H < p K ) 
is given by AFX = 2.3 RT (PHA + a - pK). 
At pHs: 
AF= — AFI — DF2 + 2.3 RT(pHs — pK) +zlFA = 0. 
Table 6 gives the pK values of A derived from 
this relation. At lower ionic strengths we have only 
one relation between the two parameters ((5 and the 
O) 6 -AFi ~ AF2 p H s p K of A 
1 0 .50 2.3 R T (1.46) 2.35 3.23 
0.6 0 .55 2.3 R T (1.27) 2.60 3.20 
0.3 0 .65 2.3 R T (0.94) 2.82 2.90 
Table 6. pK values of A from acid dissociation experiments 
of (A + U + U) aggregates. 
pK of A) so that it is impossible to obtain quan-
titative estimates of the pK of A from the acid dis-
sociation of 1 A — 1 U solutions. We do get a qua-
litative estimate of the pK of A when assuming at 
lower ionic strengths a d value of the interaction 
A + A-^-(A + A) almost equal to those determined 
at higher ionic strengths. 
When taking at <0 = 0.1 a <5 value of 0.6 we can 
calculate the pK of A. At the transition pH s , there 
is again compensation between — AFX of the dis-
sociation (A + U ) - > A + U and the free energy 
change AFA of A + A (A + A) . 
When p H s < p K : 
AFX = V a AFA or 2.3 RT(0.48 + pHs - pK) = 
V a 0.6 [2.3 RT (5.95 -pK)]. 
We thus obtain pK = 3.0: this is also inconsistent 
with the supposition p//s = 3 . 4 < p K . The reasonable 
supposition that the ö values would be about 0.4 or 
greater would lead to the result that the pK of A 
is lower than the transition pHs of A + U x/a (A + 
A) + U: the pHs value then is the upper limit of 
the pK of A. 
O) I II III IV 
1 3.92 3.81 3.23 
0.6 — — — 3.20 
0.3 4.13 3.76 — 2.90 
0.1 4.35 3.88 — <3.4 
0.03 4.63 4.58 — <4.35 
0.01 4.90 5.16 — <5.1 
Table 7. pK values of A in function of ionic strength. 
Table 7 gives the pK values of A according to 
the different suppositions: 
I: pK values if the phosphate backbone alone 
determines the electrostatic potential of A. 
II: pK values from alkaline and acid dissociation 
curves when the acid dissociation of (A + U) 
is not influenced by the formation of (A + A) 
from the component A. 
I l l : pK values if the assumption is made that A, 
set free from (A + U) at lower pH, associates 
to (A + A) with the same free energy change 
AFA as that involved in the formation of 
(A + A) form a neutral solution of A by 
lowering the pH. With this supposition no pK 
values could be calculated from the experimen-
tally determined transition pH values. 
IV: pK values if we suppose that A from (A + U) 
associates to (A + A) with the liberation of a 
quantity of free energy that is a fraction of the 
free energy change AFA originating from the 
(A + A) formation in a neutral solution of A 
by lowering the pH. 
2 5 M . A . RAWITCHER, P H . D . R o s s , a n d J . M . STURTEVANT, J . 
Amer. diem. Soc. 85 ,1915 [1963]. 
2 6 R . F . STEINER a n d R . F . BEERS, P o l y n u c l e o t i d e s , E l s e v i e r 
Publishing Co., Amsterdam 1961, chapter 7. 
The pK values of II and IV are lower than the 
corresponding values of I: this suggests that the 
electrostatic potential of A is not only dependent on 
the phosphate backbone but that other parameters 
probably influence the potential too. The values of 
IV are perhaps the most reliable approximations to 
the real values. 
These pK values can be used in studying the ener-
getic and thermodynamic basis of (A + A) inter-
actions. The free energy change of (A + A) for-
mation according to the two step reaction A + H® 
AH® and A + AH® + AH®) can be deter-
mined from the transition PHA + A AND the pK of A. 
We proposed for this free energy change 
AFa = AF0 + zIFprot and AF0 = - 2.3 RT (PHA+a - pK). 
The calculated AF0 values can then be compared to 
the AH values of the (A + A) formation determined 
b y R A W I T S C H E R e t a l . 2 5 . 
A quantitative comparison between the AH and 
AF values is impossible as the AH and AF values 
do not refer to the same temperatures and ionic 
strengths. A qualitative comparison, based on AF 
= AH — T AS , shows that the entropy change of the 
interaction A + A — • (A + A) is small when com-
pared to the entropy changes of A — U interactions. 
Several reasons may account for the difference in 
entropy changes of A — A and A — U interactions: 
— for A — A interactions the single stranded A 
chains are believed to be base-stacked so that 
the degree of order-disorder is not changed 
much by A — A interactions. 
— the contribution of the solvent can be different 
for (A + U) where the surface charge density 
is high (2 negative charges per 3.4 A) and for 
(A + A) where we probably deal with a reduced 
density by interaction between NH3® and phos-
phate groups 26. 
Ionic strength influences A and (A + A) in a dif-
ferent way than U and (A + U)27. The pK decrease 
of U 2 1 , 2 2 with increasing ionic strength can be 
duly accounted for by the screening-off effect on the 
electrostatic forces of the phosphate backbone so 
that the electrostatic potential of the macromolecule 
is reduced and its pK values come nearer to the pK 
of uridine. The (A + U) is stabilised by an increase 
27 D. BARSZCZ and D. SHUGAR, Acta biochim. polon. 11, 481 
[1964]. 
in ionic strength because the destabilising electro-
static forces between the two polymer chains are 
screened off. 
The influence of ionic strength on the pK of A 
is made up by several contributions: 
1. the electrostatic attraction between the negative 
phosphate groups and the NH3® groups will 
result into higher pK values: an increase in 
ionic strength will weaken the electrostatic poten-
tial and so reduce the pK. 
2. the protonated NH3® groups contribute to the 
electrostatic potential and reduce the pK: a 
screening-off at higher ionic strengths will in-
crease the pK. 
3. the base stacking in the single stranded A chain 
is able to influence the electrostatic potential and 
the pK of A. 
The collective contribution of these factors is re-
flected by a slight pK lowering at increasing the 
ionic strength (Table 7, IV). 
(A + A)is influenced as well by ionic strength: 
1. the destabilising electrostatic repulsion of the 
two polyphosphate chains is screened off at 
higher ionic strengths: the effect is a higher sta-
bility. 
2. the electrostatic attraction between NH3® and 
phosphate groups is screened off at higher ionic 
strengths: the effect is a lower stability. 
CO T [ ° C ] AH cal./mole AFO cal./mole 
( A + A ) ( A + A ) 
0 . 1 1 0 - 3 . 6 0 0 
0 . 1 2 5 - 3 . 1 0 0 
1 2 0 - 3 . 1 0 0 
0 . 6 2 0 - 3 . 3 0 0 
0 . 3 2 0 - 3 . 9 0 0 
Table 8. Comparison between the AF and AH values of the 
interaction A + A - » - ( A + A ) . 
The summation of the relative contributions of 
all factors determines the ultimate result. From our 
results (table 8) in a limited range of ionic strengths 
(0.3 < co < 1 ) we may conclude that a decrease in 
ionic strength slightly increases (A + A) stability. 
An increase in ionic strength results into a dis-
placement of the transition pH to lower pH values; 
this precludes an interpretation of the stability chan-
ges of (A + A) because the pK values at lower 
ionic strengths are not known. Several authors have 
studied the thermostability of (A + A) at constant 
ionic strengths and different pH values 4 ' 1 4 , 1 5 . They 
all found a linear increase of the transition tem-
perature of (A + A ) - > A + A when the pH of the 
solution is decreased; the plots for different ionic 
strengths have the same slope but a higher ionic 
strength displaces the straight lines to lower pH 
values; this is in entire agreement with our expres-
sion of the free energy change of (A + A) forma-
tion, AFA(pH) =2.3 RT(pH-pHA + A), and our 
experimental pH^ + A values. The thermostability 
study of (C + C) in function of pH at constant 
ionic strength 28 proved that the (C + C) structure is 
stabilised or destabilised according to the pH of 
the medium: from pH 5.5 to pH 4.0 we have the 
proton stabilised zone that may be described by our 
expression of the free energy change AF (pH) = 
2.3 RT(pH — p//trans). At pH 3.5 and lower, we 
have the destabilised zone: at that point the pH is 
probably below the pK of C and the protonation 
of the second C chain destabilises the (C + C) ag-
gregates. This involves that the pK of C is to be 
situated between pH 4.0 and 3.5: from the pK 
values of cytidine21 we would expect a pK value 
of 4.5 ( ± 0.2) : for C also the pK is thus markedly 
lower than the pK we can foresee from that of cyti-
dine. The study of the thermostability of (A + A) 
aggregates in function of pH shows no deviation 
from a linear relationship between the transition 
temperature and the pH, indicating that at pH 4.0 
we have not yet obtained the zone of proton de-
stabilisation: this agrees with a pK of A lower than 
4.0 and confirms that the pK values of column I 
of table 7 overestimate the real pK values of A. 
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